All objects that burn in fires are three dimensional. However, almost all previous attempts to model the burning or pyrolysis of real materials has resorted to a one-dimensional description. This paper presents the mathematical formulation of Gpyro3D, a generalized three dimensional pyrolysis model that solves conservation equations for transport of heat, mass, and species in a chemically reacting porous medium, as well as its coupling to NIST's Fire Dynamics Simulator (FDS) for simulating fire development. Gpyro3D facilitates pyrolysis modeling in complex geometries by masking grid cells on a regular Cartesian grid, similar to the way that geometry is specified in FDS. The model's mathematical formulation is verified by comparing numerical simulations to analogous exact solutions. Next, it is shown that Gpyro3D qualitatively captures the major three dimensional features of long-duration (> 1 hour) oxidative pyrolysis of wet wood under radiative heating. Finally, fire development in a wood crib is simulated with the coupled Gpyro3D/FDS model. By observing condensed-phase temperature contours within burning elements of the wood crib, it is shown that strong three dimensional effects are present.
INTRODUCTION
Current fire models such as Fire Dynamics Simulator [1] and FireFOAM [2] include condensed-phase pyrolysis models that facilitate prediction of HRR. Historically, the biggest hurdle to simulating fire spread with such models has been the difficulty associated with determining the material properties of practical materials. This process, sometimes called "property estimation" or "parameter estimation", involves applying optimization techniques to extract material pyrolysis properties from conventional flammability tests such as the Cone Calorimeter or Fire Propagation Apparatus; specialized bench-scale tests can also be used to estimate material pyrolysis properties.
While considerable progress has been made in this area in recent years, the material pyrolysis property
• Each condensed-phase species has well-defined properties such as bulk density, specific heat capacity, effective thermal conductivity (in the x, y, and z directions), permeability (in the x, y, and z direction), and porosity.
• Specific heat capacity and directional thermal conductivity vary as ( ) ( ) T r is a reference temperature, φ 0 is the value of φ at T r , and nφ specifies whether φ increases or decreases with T .
• Density of a particular species does not vary with temperature.
• There is no net shrinkage (volume change) due to reactions or density variation. Gpyro can, for 1D formulations, account for shrinkage/swelling but this has not yet been extended to 3D.
• Radiation heat transfer across pores is accounted for by adding a contribution to the effective thermal conductivity that varies as γT 3 where γ is a user-specified model parameter.
• Average properties in conservation equations are calculated by appropriate mass or volume fraction weighting.
• Pressure-driven flow through porous media follows Darcy's law.
• All gaseous species have equal diffusion coefficients.
• The Schmidt number is unity (ν = D).
To limit the length and complexity of this paper, several simplifications that are not inherent to the formulation of Gpyro3D are invoked, specifically:
• Gas-phase and condensed-phase inside a fuel particle are in thermal equilibrium, i.e., T=T g . In general, Gpyro solves separate conservation equations for the gaseous and condensed phases.
• No homogeneous gas-phase reactions occur. Gpyro3D has the capability to simulate homogeneous gas-phase reactions occurring inside the voids of a porous medium.
• Buoyancy effects inside the decomposing solid are negligible. Gpyro3D has the capability to model buoyant flows inside decomposing porous media.
• The solid is opaque to thermal radiation. Gpyro3D can account for in-depth radiation absorption (diathermancy) as well as radiation heat transfer across pores.
Under these inherent assumptions and simplifications specific to this paper, the resultant three-dimensional conservation equations (and auxiliary relations such as Darcy's law and the ideal gas law) that govern heat transfer, mass transfer, and chemical reaction inside a pyrolyzing solid are:
The internal pressure distribution is calculated by substituting Eq. 7 and Eq. 6 into Eq. 5 and solving the resultant pressure evolution equation for the unknown pressure P. Pressure-driven mass flux is then calculated from the pressure distribution (P(x,y,z)) using Eq. 6 (Darcy's law). In the preceding equations, a subscript i refers to the condensed-phase and a subscript j refers to the gas-phase. An overbar denotes a weighted or averaged quantity, i.e.
. Anisotropic materials are simulated through specification of directional thermal conductivities (k x , k y , and k z ) and permeabilities (K x , K y , and K z ).
Chemical reaction source terms
The governing equations presented above contain several source terms attributed to chemical reactions
ω ʹ′ ʹ′ ʹ′  , and s Q ʹ′ ʹ′ ʹ′  ) that must be quantified. Since the focus of the current paper is 3D effects, and these source terms are treated no differently in Gpyro3D than in earlier work [9] [10] [11] , the reader is referred to this earlier work for full details regarding threat treatment of chemical reaction source terms.
3D numerical solution methodology
The governing equations described above are discretized into grid cells having size Δx in the x direction, Δy in the y direction, and Δz in the z direction. The timestep is Δt. Due to the nonlinearity introduced by the source terms and temperature-dependent thermophysical properties, a fully-implicit formulation is adopted for solution of all equations. The numerical solution technique follows Patankar [13] , yielding a system of coupled algebraic equations of the general form:
In Eq. 8, φ is the dependent variable (such as condensed-phase enthalpy, gas-phase species mass fraction, etc.) and the subscripts indicate values of φ or its associated discretization coefficients ("a" and "b") in particular cells relative to cell P (the "point", or central, cell in the discretization stencil). The remaining subscripts have the following meaning: E (east) is the closest cell in the -x direction from cell P; W (west) is the closest cell in the +x direction; S (south) is the cell in the -y direction; N (north) is the cell in the +y direction; T (top) is the cell in the -z direction; and B (bottom) is the cell in the +z direction. Using the condensed-phase mass conservation equation as an example, the a and b coefficients in Eq. 8 are:
With regard to the cardinal directions, uppercase subscripts (E, W, S, N, B, T) denote values at cell centers while lowercase subscripts (e, w, s, n, b, t) denote values at the interfaces between cells. All quantities are defined at time t + Δt, except that quantities with a superscript " º " are defined at time t. The gas-phase species, gas-phase momentum, and condensed-phase energy conservation equations are solved using a tridiagonal matrix algorithm (TDMA) and Gauss Seidel iteration. It is possible that alternate solvers may reduce computational cost. Convective terms are fully upwinded by default, although other schemes are available. The condensed-phase mass and condensed-phase species conservation equations are solved with an implicit solver that uses relaxation to prevent divergence.
Initial conditions
The discretized forms of Eqs. 1 and 2, condensed-phase mass and species conservation, reduce to ordinary differential equations in each computational cell. Therefore, no boundary conditions are required, only initial conditions that describe the mass fraction of each condensed-phase species are required. Since each condensed-phase species has a well-defined bulk density, the initial density required for solution of Eq. 1 is calculated internally from knowledge of the initial condensed-phase mass fractions. The initial condition on Eq. 3a, condensed-phase energy conservation, is established by specifying the initial temperature, which is then used internally to calculate the initial weighted enthalpy h . Similarly, the initial conditions on Eq. 4a (gas-phase species conservation) and the pressure evolution equation are established by specifying the initial gas-phase species mass fraction and the initial pressure, respectively.
Boundary conditions
Two general types of boundary conditions are implemented in Gpyro: Fixed value, and fixed flux. For fixed value boundary conditions, the φ value of the boundary cell is set to the desired fixed value by setting, in Eq. 8, a P to 1, b P to the desired φ value, and all remaining a coefficients to 0. Fixed flux boundary conditions are more complicated to implement. For illustrative purposes, the condensed-phase energy boundary condition in the x direction (at x = 0) will be used to demonstrate how boundary conditions are implemented numerically. The condensed-phase energy equation x-direction boundary condition for a face located at x = 0, with x r q , ʹ′ ʹ′  as the x-direction incident radiant heat flux, is:
Eq. 13, after discretization to cast it in the form of Eq. 8, becomes:
After multiplying both sides by of Eq. 14 by ΔyΔz and substituting the definition of a E from Eq. 9a:
Eq. 15 can be rewritten as:
Eq. 16 illustrates the way that all fixed flux boundary conditions are implemented in Gpyro3D. Essentially, the flux at the boundary is first converted to a source term by dividing that flux by the grid spacing in the direction parallel to the flux. That source term is then added to P S ʹ′ ʹ′ ʹ′  in Eq. 11 (or the analogous source term in the other conservation equations). Mathematically, this approach is equivalent to relating the φ gradient at the boundary to an appropriate flux (i.e., Eq. 13), but it is much easier to implement numerically.
The "boundary condition source terms", for brevity written only for faces pointing in the -x direction (and assumed to be at x = 0), are listed in Table 1 . Although radiative heat losses were not considered from the "back" face in earlier 1D implementations of Gpyro, in the current 3D formulation the solid energy equation explicitly includes convective and radiative losses at all boundaries, regardless of orientation. Note that in Table 1 , h m is a mass transfer coefficient. Table 1 . Boundary condition source terms.
Conservation Equation x-direction boundary condition source term (at x = 0)
Solid energy (Eq. 3) ( ) 
Complex geometry
Similar to the way that geometry is specified in FDS, geometrically complex objects are represented in Gpyro3D through specification of a regular Cartesian mesh and multiple parallelepipeds that build up the geometry block by block. A file containing &OBST (obstruction) namelist groups of same form used to specify geometry in FDS is parsed to mask cells within the Gpyro3D computational domain that represent the solid-phase geometry. After the geometry is read in, cells that require boundary conditions are identified. Thus, "boundary" conditions may be applied at interior grid points that do not actually correspond to the boundary of the computational domain, which is a parallelepiped. For grid cells that are not marked as being part of the solid-phase geometry, the a p coefficient is set to 1, the b p coefficient is set to its initial value, and all other discretization coefficients are set to 0. In this way, an efficient block tridiagonal solver can be used. The output routines check the geometry mask so that outputs in areas that are not marked as being part of the geometry will not be reported, as the numerical solution in areas that are not part of the geometry is meaningless. A complex geometry example will be demonstrated later.
Coupling to FDS and other Gpyro3D domains
Three types of boundary/interface conditions are handled in Gpyro: 1) User-specified value or flux at a boundary, 2) Heat, species, and mass exchange at the interface between a Gpyro region and an FDS region, and 3) Heat, species, and mass exchange at the interface between two Gpyro regions. Of these, only 1) has been addressed earlier in this paper.
Gpyro is coupled to FDS using the same internal linkages that FDS uses to link its 1D pyrolysis model to the gas-phase solver. These linkages are described in Section 3.2.3 of the FDS6 Technical Reference [1] . Gpyro3D obtains the radiant and convective heat flux from FDS. This is applied as a boundary condition using the methodology described above, and the solid-phase solution is advanced forward in time. The updated surface temperature is then passed from Gpyro3D to FDS. An analogous procedure is followed for gas-phase species, with the calculated mass flux of each species being passed from Gpyro3D to FDS. Since it is often desirable to use a finer grid spacing in the condensed-phase than in the gas-phase, the coupling between Gpyro3D and FDS is implemented in a way that allows one FDS face to be mapped to multiple Gpyro3D faces. For example, if a grid spacing of 3 mm is used in the gas phase and a grid spacing of 1 mm is used in the condensed phase, then each FDS face would "see" nine Gpyro3D faces, but each of the nine Gpyro3D faces would "see" only one FDS face. When the grid spacing is not the same in the Gpyro3D and FDS, area-averaged quantities (temperature, species mass flux, etc.) are passed to FDS.
Finally, a Gpyro3D region may abut another Gpyro3D region. For example, in a wood crib, individual wood elements touch other wood elements. For analogous situations, it is assumed that Gpyro3D regions are in perfect thermal contact. The temperature gradient at each face is used to calculate a heat flux; the heat flux leaving the hotter face is of the same magnitude as the heat flux entering the colder face. Currently, mass and momentum are not transferred between Gpyro3D regions.
MODEL VERIFICATION
The author has previously subjected Gpyro to several verification exercises, some of which are reported in Ref. [9] . Collectively, these verification exercises indicate that, when the spatial and temporal discretization is such that the numerical solution becomes grid-independent, numerical solutions match analogous exact solutions to within < 0.5%. Since the majority of this was done before Gpyro was extended to 3D and coupled to FDS6, this section addresses verification of Gpyro3D and its coupling to FDS6.
Transient three dimensional heat conduction in a parallelepiped
Consider a constant-property solid parallelepiped initially at temperature T 0 having dimensions 0 < x < a, 0 < y < b, and 0 < z < c. It is insulated at the faces corresponding to x = 0, y = 0, and z = 0 and it loses heat to the ambient at zero temperature by Newtonian cooling proportional to heat transfer coefficients h a , h b , and h c at x = a, y = b, and z = c, respectively. The mathematical statement of this heat conduction problem is: where T g is the temperature calculated with Gpyro3D and T e is temperature from the exact solution. Figure  1 shows temperature profiles at z = 0.012 (left panels) and numerical error (right panels) at two times. The solution was found to match within approximately 0.5%. 
Transient three dimensional heat conduction with internal heat generation in a complex geometry
Consider a solid sphere with radius a that experiences internal volumetric heat generation at a rate g 0 (W/m 3 ). For initial temperature T 0 and boundary at r = a held at temperature T 0 the mathematical statement of the heat conduction problem is: Gpyro3D was used to conduct a numerical simulation analogous to this exact solution for a sphere with radius 0.025 centered at (x=0, y=0, z=0), internal heat generated at a rate of 200 kW/m 3 , k = 1 W/m-K, ρ = 1000 kg/m 3 , and c = 1 kJ/kg-K. The sphere geometry was specified on a uniform Cartesian grid with resolution 0.5 mm using the masking procedure described earlier. Calculated temperature contours in xy and xz planes through "stair stepped" geometry are shown in Figure 2a . The numerical solution for 0 < x < a at y = 0 and z = 0 (essentially, the radius of the sphere) is compared to the exact solution in Figure 2b at several times. It is seen that the solutions match very closely. The minor difference between the exact and numerical solution at later times is likely due to geometrical differences between a stair stepped sphere (numerical solution) and a true sphere (exact solution). 
Gpyro3D to FDS coupling
As described earlier, Gpyro is coupled to the FDS gas phase using the same basic heat and mass transfer linkages that couple FDS's native 1D pyrolysis model to the gas phase. To assess this coupling, a validation exercise was conducted wherein a Gpyro region was coupled to FDS. The FDS computational domain, shown in Figure 3a , is a sealed cube 0.32 m on edge with adiabatic boundaries, containing air initially at 300 K and 1 atm as well as a cubic Gpyro3D domain 0.1m on edge initially at 400 K. Relevant solid properties inside the Gpyro region include c = 1 kJ/kg-K and ρ = 10 kg/m 3 . As t → ∞, the system approaches thermal equilibrium, and that equilibrium temperature can be calculated from a heat balance (the controlling material properties are the ratio of the solid and gas density, volume, and heat capacity) as: 
MODEL VALIDATION Three dimensional oxidative pyrolysis of wet wood
Most bench-scale pyrolysis experiments that have been conducted to date are designed to provide nearly one-dimensional behavior. For this reason, there is currently a dearth of experimental data in the literature appropriate for quantitative validation of a 3D pyrolysis model. However, Reszka [14] conducted a set of wood pyrolysis (and ignition) experiments that exhibit three dimensional effects. A qualitative comparison between one of these experiments and an analogous Gpyro simulation is used here to qualitatively assess the predictive capabilities of Gpyro3D.
The experimental configuration, shown in Figure 4 , involved irradiating wood blocks having dimensions of 0.067 m by 0.10 m by 0.10 m. Referring to Figure 4 , the left (-x) face was irradiated with a cone heater, while the right (+x) face abutted an aluminum block having dimensions 0.033 m by 0.10 m by 0.10 m. The bottom of the wood and aluminum blocks (-z) rested on an insulating ceramic fiberboard, while the top (+z), front (-y), and rear sides (+y) were exposed to the ambient. Reszka varied the applied heat flux level from ~10 to ~60 kW/m 2 ; here a simulation of his experiment at 40 kW/m 2 applied heat flux level is conducted. The wood thermal properties and reaction mechanism are based on earlier work [11] that used a four-step reaction mechanism (conversion of wet wood to dry wood, thermal and oxidative conversion of dry wood to char, and char oxidation to form ash) to investigate oxidative pyrolysis of wood with a 1D simulation. For simplification, thermal conductivity is isotropic. Figure 5a shows a photograph of Reszka's experiment [14] 1460 s after the onset of irradiation. An ash layer has formed near the surface, and some erosion or shrinkage has occurred. The modeled ash mass fraction shown in Figure 5b (an xz plane through the center of the sample) shows an ash layer that is slightly thinner than that seen in the experiment, most likely because erosion or shrinkage are not included in the model. To the right of the ash layer, in Figure 5c , is a thin char layer. Moving farther to the right, the moisture evaporation front can be seen (Figure 5d) . The "hook" that forms in the species and reaction rate profiles is an artifact of the way that the boundary conditions are specified in the simulation compared to the actual boundary conditions in the experiment. In the model, the left face is exposed to a uniform and constant heat flux, while the top face experiences convective and radiative cooling but has no externally applied heat flux. However, in the experiment, there is a nonzero view factor from the cone heater to the top face, and the hook that is seen in the model does not form. Figure 7 shows the modeled char mass fraction in an xy (i.e., into the page in Figure 6 ) plane through the center of the sample at 600 s and 3600 s. Due to the way the boundary conditions are specified in the simulation, the left and right faces in Figure 7 experience convective and radiative cooling, but no radiative heating, whereas in the experiment there is a nonzero view factor between the Cone heater and these sides so they experience radiant heating. This explains the curved nature of the char species profile in Figure 7 . Two important simplifications inherent to the preceding simulation of Reszka's [14] experiment are: 1) Surface regression is not accounted for, and 2) Thermal conductivity and permeability are isotropic, meaning independent of wood grain orientation. The first simplification is actually a limitation of the current Gpyro3D model formulation (see Concluding Remarks section for additional discussion). The second simplification (isotropic properties) is not a limitation of the current Gpyro3D formulation, which permits directionally dependent thermal conductivity and permeability, but was invoked to simplify the simulation which is intended primarily to qualitatively demonstrate 3D effects during heating and pyrolysis. Anisotropic properties could be implemented as part of future work.
Fire development in a wood crib
Pyrolysis modeling studies, which are ostensibly motivated by the desire to predict actual fire development, have almost always used a one-dimensional representation of the condensed-phase. CFD models such as FDS and FireFOAM divide the surface of 3D objects into multiple 1D "patches"; heat is transferred only in the direction normal to the surface of a patch, but not laterally in the directions parallel to the surface to adjacent patches. This 1D description is appropriate for objects where the characteristic length along one coordinate axis is small in comparison to the characteristic length along the other coordinate axes. Wall, ceiling, and floor linings, as well as similarly "thin" objects can be appropriately modeled with a 1D patchwise approach. However, if the characteristic lengths along two coordinate axes are small in comparison to the characteristic length along the third coordinate axis, the validity of simulating an object with a 1D pyrolysis model becomes questionable. To investigate 3D effects during fire development on fuel elements having two similar characteristic lengths, i.e. where multidimensional heat and mass transfer effects are significant, a fully coupled Gpyro3D/FDS fire growth simulation of a wood crib is presented here.
Simulation geometry and coordinate axes are depicted in Figure 8 . The FDS computational domain is 0.48 m wide (x) by 0.48 m deep (y) by 0.96 m high (z). A grid spacing of 0.01 m is used in the gas-phase (225,792 gas-phase computational cells). A wooden crib is centered in the gas-phase domain such that its base is 0.10 above the bottom of the computational domain. The crib is made up 50 wooden elements with a cross section of 0.02 m by 0.02 m. There are ten tiers with five elements per tier and a horizontal spacing between elements of 0.04 m. Each element is simulated as a separate Gpyro3D region with a grid spacing of 1 mm in the two shorter dimensions and 5 mm in the longer dimension (52,000 Gpyro3D grid cells per element; 2,600,000 Gpyro grid cells in the entire simulation). Each Gpyro region (i.e., each wood element) is coupled to FDS as well as to any Gpyro3D elements to which it abuts. A square ignition burner 0.3 m on edge, extending 0.05 m above the bottom of the computational domain, is centered directly below the wooden crib. The ignition burner is fired at 200 kW/m 2 (total heat release rate of 26 kW) for 20 s and then extinguished. Wood material properties are based on previous work [11] . Fire development from 30 s (10 s after the ignition burner was extinguished) to 90 s is shown qualitatively in Figure 8 . During this time, fire progressively spreads to the outer faces of the crib. Condensed-phase temperature contours in the center wooden element of the bottom row of the crib (circled in Figure 8a ) are shown in Figure 9 and Figure 10 . Note that the "long" dimension of this element runs in the +y direction. Contours in a vertical (yz) plane through this element are presented in Figure 9 . Analogous temperature contours are presented for a horizontal (xy) plane through this element in Figure 10 . As time progresses, temperature gradients due to heating at one face begin to merge with temperature gradients attributed to heating from another face. Similarly, areas that are initially "protected" by wooden elements located in the next tier above eventually begin to increase in temperature due to heat conduction in the direction parallel to the exposed face. These phenomena cannot be captured by a 1D patchwise pyrolysis modeling approach. 
CONCLUDING REMARKS
Gpyro3D, an open source [15] three dimensional generalized pyrolysis model, has been formulated, verified, and used to investigate the pyrolysis of objects in which three dimensional effects are significant, both as a standalone simulation and in a fire growth simulation coupled to FDS. Although this work represents incremental progress in the area of pyrolysis modeling for fire applications, it may be one of the first studies to formulate a 3D generalized pyrolysis model, develop and demonstrate a procedure for simulating pyrolysis in complex geometries, and execute a coupled fire growth simulation using a 3D description of the condensed phase. Potential applications of this work include prediction of flame spread and heat release rate in complex geometries where multidimensional condensed-phase effects are significant, modeling of standardized fire tests ranging from small scale tests such as UL94 or ASTM D2863 to large-scale furnace tests, and better understanding flammability of anisotropic materials such as composites.
Additional work is necessary to determine under which conditions a one dimensional patchwise description of the condensed phase is adequate, and when a 3D description should be implemented. For instances where a 3D description of the condensed-phase is warranted, an important practical consideration not addressed by this work is determining an appropriate compromise between resolution and computational expense. Another area where additional work is needed is development of a computationally tractable approach to handle geometrical changes that occur as objects burn. As stated previously, one limitation of the Gpyro3D formulation presented here is that shrinkage due to reaction or density change is not considered. This means that surface regression does not occur, and the geometry/size of pyrolyzing or burning objects is invariant for the entire duration of the simulation. While this is not problematic for shortduration simulations, such as those involving ignition, it is not appropriate for long-duration simulations where considerable regression, volume change, or movement (melting, dripping, collapse) of the condensed-phase occurs.
